Presently, ab-initio computation methods have advanced to the point that they are used to design novel compounds with targeted properties and have significantly advanced our understanding of structureproperty relationships in inorganic compounds. However, similar quantitative, predictive theories for directing the synthesis of materials do not yet exist, and as a result, the synthesis of many compounds is Edisonian and requires repeated iterations to find the reaction conditions needed to create a particular stable or metastable phase. An understanding of the dynamics of the phase transformations that occur during the synthesis of crystalline materials offers an opportunity for materials discovery, as metastable phases often exhibit superior properties to their stable counterparts.
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This challenge of theory-guided synthesis, in particular the targeted synthesis of metastable phases is particularly demanding. To address this challenge, in this work we present on the development of a novel predictive framework for the synthesis of stable and metastable inorganic materials. We demonstrate this framework by investigating the evolution of crystalline intermediate/metastable phases during MnO2 hydrothermal synthesis through a combination of in situ X-ray scattering and ab initio calculations. The hydrothermal reactor used in the work (figure 1, left) was adapted from previously established reactor designs [1] , but with both ends of the glass reactor flame sealed to mimic a conventional autoclave ( figure 1 right) . Additionally, the experimental reaction conditions investigated in this study were guided by thermodynamic calculations that were developed by our theory collaborators, as published in Ref. [2, 3] . , the polymorphs observed along the reaction pathway can be tuned. The structure of the intermediate phases and overall formation pathways are consistent with our theoretical predictions. These results support the recently proposed theoretical framework that synthesizable metastable phases have nucleated under thermodynamic conditions where they were once the lowest free energy phase, and then grew into conditions where they were metastable. [4] This concept, referred to as remnant metastability, can serve as a general guideline for predicting what metastable materials are synthesizable and under what conditions. Our approach allows for the prediction of the reaction pathway and shows, remarkably, that even with the same initial precursors and target phases, one can modify that pathway to go through different intermediate phases (which we further show by TEM, can be recovered). We observe a progression of intermediate, metastable phases that are consistent with the predicted phase sequence within our framework. Hence, our work uncovers in a predictive fashion that there is a rich phase landscape that is missed when one just focuses on the end product of a reaction. 
